Two hairpin-loop domains in cystatin family proteinase inhibitors form an interface surface region that slots into the active site cleft of papain-like cysteine proteinases, and determine binding af®nity. The slot region surface architecture of the soybean cysteine proteinase inhibitor (soyacystatin N, scN) was engineered using techniques of in vitro molecular evolution to de®ne residues that facilitate interaction with the proteinase cleft and modulate inhibitor af®nity and function. Combinatorial phage display libraries of scN variants that contain mutations in the essential motifs of the ®rst (QVVAG) and second (EW) hairpin-loop regions were constructed. Approximately 10 10 ±10
Introduction
The cystatin family of proteins are potent inhibitors of papain-like cysteine proteinases and several viral cysteine proteinases (Turk and Bode, 1991) . Inhibition of these proteinases protects the host from invading organisms and pathological tissue destruction caused by endogenous proteinases during maladies such as in¯ammation, tumor growth and metastasis (Blankenvoorde et al., 2000; Henskens et al., 1996) . Cystatins may also regulate proteolysis required for organismal differentiation and development (Ojima et al., 1997; Satoh, 1998) . Animal cystatins are categorized into three groups: ste®n (type I); cystatin (type II); and kininogen prodomain (type III) (Rawlings and Barrett, 1990) . Phytocystatins, such as oryzacystatin (Abe et al., 1987) , were originally included in the ste®n family (Turk and Bode, 1991) because these proteins lack cysteine residues and cannot form intramolecular disul®de bridges. However, the primary sequence of phytocystatins is more similar to type II cystatins, and now these are assigned to a
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Phytocystatin structure and kinetic data are very limited, so inference of their functional properties is based largely on extrapolation from studies of animal cystatins. These inhibitors form a reversible, tight equimolar complex with the target proteinase. Three-dimensional structure analysis of human ste®n B complexed with papain (Stubbs et al., 1990) indicates that ste®n B forms a tripartite wedge molecular surface that slots into the active site of the target cysteine proteinases, rendering the catalytic C25 inaccessible. The center of the wedge contains a hairpin loop comprised of a QxVxG sequence that is¯anked by an Nterminal trunk and C-terminal second hairpin loop. Biochemical analyses support this docking model for interaction between cystatins Auerswald et al., 1996; Bjo È rk et al., 1996; Hall et al., 1993) , including phytocystatins (Arai et al., 1991; Urwin et al., 1995) and cysteine proteinases. However, the N-terminal trunk sequence of oryzacystatin and ste®n, unlike type II cystatins, is not essential for papain-inhibitory activity (Abe et al., 1988; Machleidt et al., 1991) , and structure/ function analysis of the residues that comprise the hairpin loops is as yet incomplete.
Combinatorial mutagenesis of the QVVAG and EW motifs in the ®rst and second hairpin loops, respectively, of scN was combined with papain-binding af®nity-based selection to de®ne the interaction between the inhibitor and the proteinase. An M13 monovalent phagemid system was used to express recombinant scN variants fused to gIII coat protein (Koiwa et al., 1998) . Binding af®nity of phagedisplayed scN proteins is correlated directly with inhibitor activity (Koiwa et al., 1998) . Biopanning selection screening of the combinatorial libraries determined that the hairpin-loop structures are functionally essential. A novel Phytocystatins have greatest sequence similarity with type II cystatins in this region. The three-dimensional model was constructed by superimposing the Ca backbone of chicken cystatin (yellow: 1cew) over ste®n B in the ste®n B±papain complex (blue: 1stf). The resulting model shows the probable mode of interaction between the second hairpin loop of type II cystatin (and phytocystatin) and papain. Residues in papain that possibly interact with cystatin are displayed with side-chains (colored by the atom). Residues in cystatin equivalent to those randomized in the HL2 library are shown in pink. Cystatin W104I (equivalent to scN W79) is in close proximity to papain W177:E and W181:E (6±7 A Ê ) of papain and P103:I (scN E78) faces L143:E. Figure 1 . Combinatorial phage display libraries HL1 and HL2 that express scN variants with mutations in the ®rst and second hairpin loops, respectively. First, cDNA fragments encoding N-terminal (N1 and N2) and C-terminal (C1 and C2) peptides of scN were ampli®ed using PCR primer pairs p1 : p2 for N1; p1 : p3 for N2; p4 : p5 for C1; and p4 : p6 for C2. The fragments were cloned into pBluescript and the nucleotide sequence of the cDNAs was con®rmed. Primer p7, which contains ®ve NNS codon repeats (N = A, T, G or C; S = G or C) in all possible combinations, was used to generate fragments with mutations in the QVVAG motif (residues 48±52). Primer p8 contained NNS codons for residues 78 and 79. Overlap extension and then ampli®cation with primers p1 and p4 were used to produce scN variant encoding fragments for the HL1 or HL2 library. scN variant was selected that had a twofold higher association rate constant and lower K i for papain. This novel scN variant has identical residues in the second hairpin-loop motifs of papaya cystatin, the inhibitor that co-evolved with papain.
Results
Design rationale, construction and biopanning of combinatorial phage display library Analysis of the ste®n B±papain complex three-dimensional structure indicates that the hairpin-loop regions in cystatin are essential for interaction (Stubbs et al., 1990) . Modi®cation to essential residues in these regions should alter binding af®nity and inhibitory activity of phytocystatins. These libraries were designed to phage display all possible scN variants with mutations in the QVVAG (HL1) or EW (HL2) motif in the ®rst or second hairpin loop, respectively (Figure 1 ). Combinatorial libraries were constructed to eliminate the wild-type scN from the population, as peptides over-represented in the population would saturate binding sites due to the high association-rate constant of the cystatin±papain interaction. The backbone vectors for HL1 and HL2 libraries lacked regions of wildtype cDNA that encode the motifs to be mutagenized: QVVAG and EW, respectively (Figure 1 ). PCR reactions were performed using primers that contain all possible codon iterations for residues in the respective motifs of the hairpin loops (Table 1 , p7 for ®rst hairpin loop and p8 for second hairpin loop; Figure 1 ). The 5¢ and 3¢ fragments were connected by overlap extension (Ho et al., 1989) to reconstitute cDNAs that encode full-length cystatin (Figure 1) .
The complexity of the libraries was suf®cient to predict that 65 and 100% of all variant combinations existed in HL1 and HL2, respectively (Table 2) . Eight colonies were selected from each library, and nucleotide sequence analysis determined no obvious codon bias in the hairpin-loop motifs, indicating the randomness of the mutagenesis procedure. The phage population for biopanning included lacZ + phages lacking papain-binding activity prepared from cells carrying pBluescript plasmid. Successful enrichment of papain-binding scN variants was monitored at each round by degree of elimination of lacZ + phage from the population. HL1 and HL2 library phage preparations were mixed with lacZ + phage at the ratio of HL1 phage : lacZ + phage = 1.0 Q 10 10 : 1.0 Q 10 11 ; or HL2 phage : lacZ + phage = 1.2 Q 10 11 : 2.5 Q 10 11 prior to the ®rst round of screening (Koiwa et al., 1998) . A fraction of phages were tested for their lacZ + phenotype after each round of selection. Rounds of biopanning selection were performed until the majority of clones had a lacZ ± phenotype: four cycles for HL1 and three cycles for HL2. Then plasmids were recovered from randomly chosen colonies and the nucleotide sequence of the cDNA inserts was determined. Wild-type scN phage contaminants in the library were not included for further analysis. The parental wild type was distinguishable as the mutant populations were generated with NNS randomiza- Theoretical diversity is equivalent to the total possible mutant combinations, 32 (ATGC/ATGC/GC) for each codon. Statistical con®dence value was calculated assuming a Poisson distribution. The pl : p1 and pl : p1 primers produced N1 and N2 encoding sequences, respectively (Figure 1 ), whereas p4 : p5 and p4 : p6 were used to prepare cDNA encoding C1 and C2, respectively. Random mutations to motifs in the ®rst and second hairpin loops were introduced by PCR reaction using primer pairs p4 : p7 and p4 : p8, respectively. Full ORF scN cDNA libraries were ampli®ed using the primer pair p1 : p4. (N, A/T/G/C; S, G/C).
tion where S = G/C and the wild-type sequence contained A or T in the third base of codons in the QVVAG and EW motifs.
Sequence of mutant scN clones isolated from biopanning
No variants with mutations in the QVVAG motif loop were isolated after biopanning selection (Table 3) , even though both lacZ + phage and clones with unrelated sequences were present at low frequencies. Surprisingly, variants with a QVVSG or QIVAG motif that occur naturally in phytocystatins were not obtained. It can be argued that the absence of such variants was due to insuf®cient complexity of the HL1 library. However, codons for S and I (three each) were represented more frequently in the primers used to generate the library than V or A (two each). The selection probably occurred because of the strong interaction between the QVVAG-containing domain and papain.
Clones isolated from HL2 showed more variability, although W79 is invariant (Table 3) . W79 is conserved absolutely among phytocystatins, and the corresponding W of type II cystatin contributes 20±30% of total binding energy for interaction with proteinases (Bjo È rk et al., 1996) . The cystatin±papain docking model (Figure 2 ) predicts that conformation¯exibility in the second hairpin-loop region (Engh et al., 1993) should facilitate optimal stacking of the W79 between the indole rings of the W177E and 181E, making a tight interaction (Bode et al., 1988) .
Phage-capture binding assay indicates speci®c interaction between scN mutants and papain
Clones with second hairpin-loop mutations that were isolated more than once by biopanning selection were subjected to further evaluation of binding kinetics with papain. The scN(PW) and scN(EA) variants that contain PW (most frequent naturally occurring sequence) or EA (functionally inactive) in the second hairpin loop and wild-type scN (EW) were included as controls. The clone scN(LW) was represented only once during biopanning, but was also included in further analysis because these residues are hydrophobic. Speci®c interactions between papain and phage particles prepared from each clone were deter- The illustrated sequence is in the ®rst and second hairpin-loop motifs after biopanning of the HL1 (four cycles) and HL2 libraries, respectively. The frequency in the analysis is indicated in parentheses. Wild-type sequence for HL1 and HL2 is QVVAG and EW, respectively. Papain (7 pM) inhibition was assayed at 30°C using the¯uorogenic substrate Z-Phe-Arg-NHMec (10 mM) in 250 mM sodium actetate buffer pH 5.5, 2 mM EDTA, 0.015% Brij 35, 1 mM DTT (freshly added) and 1% DMSO (from the substrate solution). Papain was activated (Barrett and Kirschke, 1981) and the effect of inhibitor evaluated at 70±600 pM [200±2000 pM for scN(EA) variant] in a reaction monitored until equilibrium was reached (40±90 min). The rate constants k off and k on were obtained from pre-steady-state analysis using non-linear regression (Morrison, 1982) . k on was corrected for competition with the substrate (k on = k on app Q([S] / K M + 1), [S] = 10 mM, K M = 52 mM). k off and k on values are averages from seven to nine experiments. The equilibrium-dissociation constant K i was calculated as
Inhibitory active concentrations of the soybean inhibitor and its variants were determined by titration with E-64 standardized papain (4 nM) (Barrett and Kirschke, 1981) with the substrate Bz-Arg-NHMec in the same buffer. For inhibitor EA, titration with papain yielded no straight line, but a curve which was evaluated by the general equation for tight-binding inhibitors by non-linear regression analysis using a known enzyme concentration (Bieth, 1995) .
mined by a competition assay without or with chicken cystatin (Koiwa et al., 1998) . The biopanning selected variants exhibited substantial speci®c binding to immobilized papain in the assay (Figure 3 ) when either a basic or hydrophobic residue was located in position 78.
Kinetic analysis reveals tight interaction between scN mutants and papain
The coding sequences of scN variants scN(MW), scN(AW) and scN(LW), which exhibited high papain binding in the phage-capture assay, were transferred to pET28a and recombinant protein was expressed. Subsequently another variant, scN(YW), was isolated by biopanning selection and used for kinetic analysis because it contained an additional aromatic residue in the second hairpin loop. Association-and dissociation-rate constants of scN variants to papain were determined, and dissociation equilibrium constants (K i ) were estimated by calculation (Table 4) . The K i of 3.5 pM for scN was comparable to animal cystatins (Turk et al., 1997) and was substantially lower than those (0.4±57 nM) reported for any phytocystatins (Abe et al., 1992; Arai et al., 1991; Chen et al., 1992; Michaud et al., 1993; Song et al., 1995; Urwin et al., 1995; Zhao et al., 1996) . Dissociation equilibrium constants of tight-binding inhibitors are dif®cult to determine accurately (Dolenc et al., 1996) . Typically, inhibition kinetic properties of phytocystatin are estimated when the enzyme concentration is higher than that of the inhibitor, resulting in an overestimation of K i value. This analysis was performed at low enzyme concentration using presteady-state kinetics for determination of association rate constants, and consequently was more suitable for determining inhibitor af®nity. The scN variant scN(LW) exhibited the lowest K i (2.1 pM), but other variants had a K i value similar to wild-type scN (Table 3) . Substitution of A for W caused an increase in K i to 0.26 nM [scN(EA)], due to a substantial increase in the dissociation-rate constant. The association-rate constant of scN(EA) was similar to wildtype scN, indicating that the mutant was probably eliminated during the biopanning wash procedure.
Discussion
Novel scN variants have been isolated from combinatorial phage display libraries that exhibit comparable or higher af®nity for papain. A ®nite limit to the number of phage particles that can be screened during biopanning selection required that mutations in scN had to be con®ned to targeted motifs within the phytocystatin. X-ray studies of the ste®n B±papain complex facilitated prediction of essential motifs within the two hairpin-loop regions of the wedge-shaped papain-binding site in scN Stubbs et al., 1990) . Isolation of only QVVAGcontaining proteins from the ®rst hairpin-loop library of mutants was unexpected, considering that there is variability in the second and fourth residues among cystatins (Turk and Bode, 1991) . Chicken cystatin, which has a QLVSG in the ®rst hairpin loop, is a potent inhibitor of papain (K i = 1.4 rM) and can bind to the immobilized inhibitor as phage displayed protein (Auerswald et al., 1996; Tanaka et al., 1995) . It is hypothesized that the QLVSG sequence is very dependent on the N-terminal trunk, since deletion of the domain in chicken cystatin attenuates its activity, whereas ste®n B and oryzacystatin, which have a QVVAG motif, do not require the N-terminal trunk (Abe et al., 1988; Abrahamson et al., 1987; Machleidt et al., 1989; Stubbs et al., 1990; Thiele et al., 1990) . A substantial increase in binding af®nity to cysteine proteinases occurred when the QLVSG motif of chicken cystatin was mutagenized to QVVAG (Auerswald et al., 1996) . The lack of variants with any diversity in the QxVxG sequence Figure 3 . Speci®c interaction of scN variant phages to immobilized papain determined by competition with chicken cystatin using the phagecapture assay.
Microtiter plates (24 wells) were coated with papain (30 mg ml ±1 ) by incubation overnight at 4°C and then blocked with 1% skimmed milk in PBS buffer for 1 h at 4°C. The wells were washed with PBS buffer and phage particles (10 9 cfu) displaying scN wild type, or variants were loaded into the wells and incubated for 1 h at room temperature. Wells were washed to remove unbound phages. Bound phages were recovered by high-pH elution. The titer of eluted phages was determined as the number of ampicillin-resistant Escherichia coli colonies after infection with the neutralized elution solution. The binding activity of scN phages was calculated as a percentage of the total number of phages loaded into the wells, and expressed relative to that of wild-type scN (relative papain binding). Non-speci®c interaction was determined by incubating papaincoated wells with chicken cystatin (+ cystatin) for 20 min prior to loading scN phage variants (Koiwa et al., 1998) . The horizontal dashed line delineates the binding of wild-type scN. scN variants are indicated by their second hairpin-loop sequence. Clones isolated from libraries are listed to the left of reference phages (vertical line).
is not likely to be due to technical limitations imposed by limited library size, as alternative functional motif sequences, such as QVVSG, are represented more frequently than QVVAG in the library design. However, the high threshold af®nity required for the phytocystatin± papain interaction in these biopanning experiments may have eliminated these variants. One scN mutant, which has a K i of 0.26 nM, could not be recovered after several cycles of selection. Selection of only QVVAG-containing peptides may indicate that this is an optimized motif in the ®rst hairpin-loop sequence for scN inhibitory activity. It appears that these ®ve residues play different roles in optimal interaction between inhibitors and proteinases. The side-chain of the ®rst Q residue (Q48 in scN) appears to form polar contacts to proteinase through solvent molecules. The preference of Q for isosterical E in this position implies indispensability of amide group in the interactions, although it is positioned opposite in chicken cystatin and ste®n models due to the 180°difference of torsion angle of the C d ±C e bond. Information on ultra-high resolution crystal structures is of the utmost importance for understanding the interaction mechanism of this Q residue (Longhi et al., 1998) . Also, VVA residues are heavily involved in intermolecular contact with proteinase molecule (Stubbs et al., 1990) . In contrast, the G residue was buried in the inhibitor structure, forming a b-turn which makes a bulky side-chain intolerable, and thus is more likely to be required for the proper overall conformation of the ®rst hairpin-loop region (Bode et al., 1988) . A PW motif in the second hairpin loop is conserved in type II cystatins and domain 3 of kininogens (Turk and Bode, 1991) . The W79 is invariant in phytocystatins, but amino acids other than P exist in position 78 of various plant cysteine proteinase inhibitors. Biopanning selection of the combinatorial library, which contained all possible mutations in residues 78 and 79, isolated only variants with W79. Phages containing a W79A mutation [scN(EA)] were not recovered in the binding assay. This result is consistent with the model that the chicken cystatin±papain interaction is facilitated by close stacking of the cystatin W104 indole ring (analogous to W79 in scN) between W177 and W181 in papain (Bode et al., 1988;  Figure 3 ). The lack of structural information about the phytocystatin± papain interaction makes it dif®cult to predict the residues that could occupy position 78 and facilitate tight interaction to papain. The results described here indicate that various residues can occupy position 78 without signi®-cantly impairing binding af®nity (Figure 3) . The increased af®nity of the scN(LW) variant may result from the protrusion of the hydrophobic side-chain of L78 toward L143 of papain which facilitates a hydrophobic interaction between these residues. Papaya cystatin, the inhibitor that co-evolved with papain, also has an LW motif in the second hairpin loop (Song et al., 1995) . As this region can affect the target speci®city of cystatins (Auerswald et al., 1996) , changes in the ®rst residue may be more involved in determining target speci®city during the association process, as suggested by an increased association-rate constant of scN(LW), without affecting basal level af®nity. Further molecular evolution of scN may be achieved by the introduction of mutations to regions¯anking the second hairpin loop in scN. Analysis of the ste®n B±papain interaction indicates that residues L102, P103 and H104 of ste®n are also involved in function interaction with papain (L143, T177 and G180). Uncomplexed cystatin exhibits a high B-factor value and greater¯exibility for bond co-ordination than a structured b-sheet region (Engh et al., 1993) . These residues¯anking the EW motif in scN are also targets for further engineering to enhance inhibitor activity.
Two lines of evidence support the likelihood that phytocystatins are plant defensive proteins (Koiwa et al., 1997; Koiwa et al., 2000a) . Phytocystatin genes are induced in response to pest attack and mechanical wounding, or by methyl jasmonate and systemin, which are presumed to be intermediates in the plant defense signaling response (Bolter, 1993; McGurl et al., 1994; Zhao et al., 1996) . Furthermore, numerous phytocystatins are pesticidal in bioassays against coleopteran/hemipteran insects (Murdock et al., 1987; Purcell et al., 1992) ; mites (Pernas et al., 1998) ; parasitic nematodes ; and slugs (Walker et al., 1998) , which utilize papain-like cysteine proteinases for their digestion (Chen et al., 1992; Edmonds et al., 1996; Koiwa et al., 1998; Koiwa et al., 2000b; Kuroda et al., 1996; Leple Â et al., 1995; Michaud et al., 1995; Orr et al., 1994; Pannetier et al., 1997; Urwin et al., 1995; Urwin et al., 1997; Vain et al., 1998) . Often proteinase inhibitors from non-host sources are the most potent, indicating that pests have evolved`resistance' to those produced by plants (Broadway, 1996) . Furthermore, insects produce insensitive proteinases in response to inhibitor ingestion to compensate for the attenuation of digestive proteolytic activity (Bolter and Jongsma, 1995; Jongsma et al., 1995) . Although evidence is rudimentary, the induced proteinases are inhibitor-insensitive versions of the same class of proteinase (Bolter and Jongsma, 1995; Broadway, 1996; Jongsma et al., 1995) . Thus inhibitors with novel speci®city against one speci®c class of proteinases may be engineered to inhibit native and induced digestive proteolysis and enhance pest resistance (Gruden et al., 1998) . Our results indicate that some phytocystatins possess near-optimal binding for endogenous plant cysteine proteinases such as papain, presumably because evolutionary success has required effective protection against excess endogenous proteinases or its accidental ectopic activation (Arai et al., 1998; Ojima et al., 1997) . Soon genome sequence data will provide comprehensive information about gene families of digestive proteinases from insect/nematode model organisms. This information, and structure/functional analysis of coevolved, native inhibitors, will bring great insight for the directed molecular evolution process of plant inhibitors in order to engineer effective plant-derived pesticides.
Experimental procedures

Construction of combinatorial libraries
Fragments of scN encoding cDNA were ampli®ed using primer pairs (p1 : p2) (p1 : p3) (p4 : p5) and (p4 : p6) (Table 1) , and subcloned into pBluescriptSK(±) (Stratagene, CA, USA) to obtain pN1, pN2, pC1 and pC2, respectively (Figure 1) . The ®rst hairpinloop mutant library (HL1) was constructed from products of PCR reactions (template : primer pair = pN1 : p1 : p7 and pC1 : p4 : p7) puri®ed with a sephacryl S-400 microspin column (Amersham Pharmacia Biotech Inc., NJ, USA). Full-length products were produced by an overlap extension reaction of these products (Ho et al., 1989) . Similarly, the second hairpin-loop mutant library (HL2) was prepared by overlap extension of PCR products (pN2 : p1 : p3) and (pC2 : p4 : p8). Plasmids obtained from each library were digested with NotI and SalI and ligated into the phagemid vector pSSHisA (Koiwa et al., 1998) . Libraries were transformed into XL-1 blue cells by electroporation, and phages were prepared as described previously (Koiwa et al., 1998) .
Biopanning
Selection of papain-binding scN phages was performed as described previously (Koiwa et al., 1998) , with minor modi®ca-tions. The ®rst round of selection was performed under low stringency (washed in PBS buffer at pH 6) to ensure recovery of variants that were represented at low frequency in the library population (Yu and Smith, 1996) . Stringency was increased by raising the pH and including Triton X-100 and SDS in the wash solution (Koiwa et al., 1998) . Enrichment for scN variants during biopanning was evaluated by monitoring the relative abundance of white colonies after each cycle, i.e. elimination of lacZ + phages that were mixed to the library prior to the ®rst panning.
Preparation of recombinant protein and kinetic analysis
The coding region of scN variants was excised from pSSHisA by digestion with NcoI and SalI, and inserted into pET28a for recombinant protein expression in BL21(DE3) cells (Koiwa et al., 1998) . Recombinant proteins were af®nity puri®ed as described by Beers and Callis (1993) . Continuous¯uorimetric inhibition assays were performed and evaluated as detailed elsewhere (Machleidt et al., 1993; Machleidt et al., 1995) .
Molecular model construction
The atomic model for chicken cystatin±papain interaction was constructed by superimposing chicken cystatin (PDB accession # 1cew) onto human ste®n B complexed with papain (PDB accession # 1stf) using the Protein Advisor (Fujitsu, Japan).
